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A. Salzburger, CERN

Big European Bubble Chamber at CERN, photograph http://www.cern.ch



http://www.robgendlerastropics.com/M31Page.html

What Is track reconstruction

» Track reconstruction is finding sets of measurements coming from one

charged particle and pullding the associated trajectory through the detector.

Tracks are generally used as Input to higher level reconstruction objects.

set of measurements from charged particles
Part 1 - basics & principle of tracking and tracking detectors
- Interaction of particles with (sensitive or not sensitive) detector material

finding associated measurements
Part 2 - track finding strategies, global and local pattern recognition algorithms

trajectory estimation & track cleaning
- track fitting, fake and efficiency estimation
- adaptive, multi-variant and specialised methods

tracks as input to higher level reconstruction and analysis
Part 3 - primary and secondary vertex reconstruction

- analysis usage

- the reality
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Part | - Basics & lracking Detectors
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https://inspirehep.net/record/1085976/files/itk_230.png

Boring - Definitions

» Let's get them out of the way ... y

- coordinate systems are right-handed

global : (X,y,2)
local: (Ix,ly,l)

- ¢ measured in transverse plane in [-7T,+7)
(azimuthal angle)

> 7

- @ is measured from z axis in [0, 7]
(polar angle) X

-A=m/2 -0

-n =-In[tan (0/2) ] is the pseudo-rapidity (rapidity of a massless particle)
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Boring - Definitions

» Let's get them out of the way ... y

- coordinate systems are right-handed

global : (X,y,2)
local: (Ix,ly,l)

- ¢ measured in transverse plane in [-7T,+7)
(azimuthal angle)

> 7

- @ is measured from z axis in [0, 7]
(polar angle) X

-A=m/2 -0
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[rack parameterisation

» WWhen bound to a surface, a trajectory of a charged particle needs in a
magnetic field five parameters to be defined
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local position on surface
momentum
charge

q — (lla l27 ¢7 97 Q/p)




[rack parameterisation

» there Is a certain level of freedom In the actual parameterisation

- general feature:
2 local” parameters bound to the surface
3 global* parameters combining the momentum and charge
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[rack parameterisation

» there Is a certain level of freedom In the actual parameterisation

- general feature:
2 local” parameters bound to the surface
3 global* parameters combining the momentum and charge

LHCDb q”/ — (xayata?7ty7Q/p)
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[rack parameterisation

» there Is a certain level of freedom In the actual parameterisation

- general feature:
2 local” parameters bound to the surface
3 global* parameters combining the momentum and charge

LHCDb q”/ — (xayataﬁaty7Q/p)
dp

z(y)

q// — (11, 12, ¢, COt(@), C)
CMS q/ — (l17l27¢7)\7Q/p)
q — (llal27¢797Q/p)

ba(y) = P
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[rack parameterisation

» there Is a certain level of freedom In the actual parameterisation

- general feature:
2 local” parameters bound to the surface
3 global* parameters combining the momentum and charge

LHCDb q”/ — (xayataﬁaty7Q/p)
dp

z(y)

beam

ba(y) = P

q// — (11, ZQ, ¢, COt(@), O)
CMS q/ — (l17l27¢7)\7Q/p)
q — (llal27¢797Q/p)

CDF

ATLAS
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[rack parametersation with uncertanties

» WWhen bound to a surface, a trajectory of a charged particle needs in a
magnetic field five parameters (q) to be defined: track parameters

local position on surface

(02(l1) cov(ly, ly) .,:"'c:ov

(I1,0) cov(ly,0) cov(ly,q/p)
. (1) :,:"'cov(lg,qb) cov(ls, 0) cov(lz,g/g)\ momentum
c=| ) wnon) anlo) | oharoe
Tl ) a= (I, ¢,0,9/p)
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[he special one: the Periges

» Perigee representation

- parameterisation of closest approach to a reference line:

transverse (dyp) and longitudinal (ze) iImpact parameter

y
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(d()a <05

0,0,q/p)
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[he special one: the

» Perigee representation

Perngee with uncertainties

qu/p)) q: (d07207¢797Q/p)
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Part 1 - lracking Detectors

» Track reconstruction in central tracking devices

- high granular detectors as close as possible to the beam-beam interaction region
usually hermetic detector design (although dependent on experimental setup)

- Objective is to measure a precise localisation of the charged particle on a certain
detection device, e.g.

- planar detectors, e.g.
semiconductor based pixels, strip

- panar drift detector. e.g. micromegas

- drift tube detectors

- fime projection chamber (TPC)

<
=
o
N
o
5
-
-
(@)}
-]
<C
N
N
o
O
T
1
—
-
©
o
1
C
O
-—
1®)
)
=
n
(e
o)
&)
o)
o
X
)
s
)
=>
O
c
@©
X
@)
©
|_
o
)
&)
S
0
N
©
N
<




Part 1 - lracking Detectors

» Track reconstruction in central tracking devices

- high granular detectors as close as possible to the beam-beam interaction region
usually hermetic detector design (although dependent on experimental setup)

- Objective is to measure a precise localisation of the charged particle on a certain
detection device, e.g.

- planar detectors, e.g.
semiconductor based pixels, strip

- panar drift detector. e.g. micromegas
- drift tube detectors
- time projection chamber (TPC) '
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semiconductor based detectors

» LHC innermost tracking devices are
planar silicon detectors: charged

particle

- exist as pixel and strip detectors
(they need a local pattern recognition
to find clusters of connected pixels/strip)

- ilonisation of the silicon through
charged particle
(primary and secondary ionisation)

- drift of deposited charge to

readout surface using an electric
field (E)

250 pm
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- when embedded in magnetic field (B),
drift deflection by Lorentz angle 0. @

B




lanar detectors: cluster finding

» LHC innermost tracking devices are planar silicon detectors:

- either pixel or strip technology with binary (on/off) or -binary readout (e.g. charge
collected by time over readout threshold)

- more than one pixel/strip can be traversed by one particle: clustering needed
usually performed with a connected component analysis (4-cell, 8-cell connectivity)

- example of connected component labelling with 8-cell connectivity:
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Planar detectors: cluster bulding

charge collected below tf

» multiple cells hit can be used
to INncrease measurement
orecision

| track

-

true cluster
position s
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Planar detectors: cluster bulding

charge collected below tf

» multiple cells hit can be used
to INncrease measurement
orecision

\ track

true cluster
position s
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Planar detectors: cluster bulding

charge collected below tf

» multiple cells hit can be used
to INncrease measurement
orecision

the binary approach: I-th pixel position

measurement ]1] Z l;
i=1,N
;--"

track

true cluster
position s
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Planar detectors: cluster bulding

charge collected below tf

» multiple cells hit can be used
to INcrease measurement

orecision
~
\ §

the charge-weighted approach : N
ge-weighted app ~_ I\
1 ]
: S 2. ﬂi \;\\~
=LV =1N charge collected in cell i Ji

| track
----- ooe.

true cluster
position s
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Planar detectors: cluster bulding

charge collected below tf

» multiple cells hit can be used
to INncrease measurement
orecision

the charge-weighted approach :

/|

charge collected in cell i

\ track
e T

true cluster
position s
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which one is better ?
let’s measure it using the residuum

r=—1m —=S
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




NMC Toy: pixel clusternng

binary
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py

pixel detector charge weighted
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In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




NMC Toy: pixel clusternng
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pixel detector charge weighted
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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tails from single pixel clusters

salzburg$ ipython —-i ——matplotlib=o0sx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




MO Toy: pixel clusterng

» what can we say about the uncertainty of the measurement 7

pitch size a
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binary case, single pixel cluster




MO Toy: pixel clusterng

» what can we say about the uncertainty of the measurement 7

pitch size a

most lucky cases:r =m —$s = ()
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MO Toy: pixel clusterng

» what can we say about the uncertainty of the measurement 7

pitch size a
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most unlucky cases: |r|:|m — S|= al2

binary case, single pixel cluster




NMC Toy: pixel clusternng

» what can we say about the uncertainty of the measurement 7

pitch size a
! | most lucky cases:r =m —$s = ()
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most unlucky cases: |r|:|m — S|= al2

binary case, single pixel cluster




MO Toy: pixel clusterng

» what can we say about the uncertainty of the measurement 7

pitch size a
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binary case, 2-pixel cluster




MO Toy: pixel clusterng

» what can we say about the uncertainty of the measurement 7

pitch size a

most lucky cases:r =m —s = ()
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binary case, 2-pixel cluster




MO Toy: pixel clusterng

» what can we say about the uncertainty of the measurement 7

pitch size a

most lucky cases:r =m —s = ()
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most unlucky cases: |r|:|m — S|~ al2

binary case, 2-pixel cluster




NMC Toy: pixel clusternng

» what can we say about the uncertainty of the measurement 7

pitch size a
| = most lucky cases: T =m —s = ()
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most unlucky cases: |r|:|m — S|~ al2

binary case, 2-pixel cluster




NMC Toy: pixel clusternng

» what can we say about the uncertainty of the measurement 7

pitch size a
| = most lucky cases: r=m —s = ()
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-a/?2 +a/?2

most unlucky cases: |r|:|m — S|~ al2

binary case, n-pixel cluster




NMC Toy: pixel clusternng

» what can we say about the uncertainty of the measurement 7

pitch size a
| = most lucky cases: r=m —s = ()
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most unlucky cases: |r|:|m — S|~ al2

usually, a minimum path length

binary case, n-pixel cluster is required to deposit enough charge,

turns the biggest error into < a/2
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NMC Toy: pixel clusternng

» what's the variance of a uniform distribution between -a/2 and a/2 ?

-a/?2 +a/?2
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NMC Toy: pixel clusternng

» what's the variance of a uniform distribution between -a/2 and a/2 ?

<> = q2/12 o =a/N12
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» what's the variance of a uniform distribution between -a/2 and a/2 ?

<> = q2/12 o =a/N12
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salzburg$ ipython —-i ——matplotlib=o0osx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 5000, pullBinary = True )
[>>] mu = 0.00814352769061 | sigma = 0.70764581917




» what's the variance of a uniform distribution between -a/2 and a/2 ?

<> = q2/12 o =a/N12

binary

0.7

06

05

04

03

02

0.1

<
=~
o
N
o
5
L
=
(@)
-
<C
N
N
o
O
T
1
—
-
®©
o
1
C
Q
F=
1®)
-
=
n
(e
o)
&)
o)
o
>
)
s
)
=>
©
c
©
x
@)
©
|_
o
)
&)
>
Io)
N
®©
N
<

i T S -a/2 +a/2

oull distribution : p=m—s)/c

salzburg$ ipython —-i ——matplotlib=o0osx PixelClustering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 5000, pullBinary = True )
[>>] mu = 0.00814352769061 | sigma = 0.70764581917




A Classic planar detector design

» Planar modules arranged in cylinders & discs

highest granularity in innermost layers

barrel structure around the interaction region

end-cap disk structure at higher pseudo rapidity

overlap of modules to guarantee hermetic coverage
(e.g. overlaps in ¢, and along z in general)

stereo angle technique for strip
detectors

(two- or double sided modules)

A. Salzburger - Track and Vertex Reconstruction - Part 1 - HCPSS Aug 11-22, 2014
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it tube detectors

» (Gas-illed tubes with a central wire

- Inoisation of gas by traversing charged
particle

- charge drift to wire through electric field (E),
In case of embedding in magnetic field also
some Lorentz force drift effects

- measurement is a drift time measurement
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it tube detectors

» (Gas-illed tubes with a central wire

- Inoisation of gas by traversing charged
particle

- charge drift to wire through electric field (E),
In case of embedding in magnetic field also
some Lorentz force drift effects

- measurement is a drift time measurement
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it tube detectors

» (Gas-illed tubes with a central wire

- Inoisation of gas by traversing charged
particle

- charge drift to wire through electric field (E),
In case of embedding in magnetic field also
some Lorentz force drift effects

- measurement is a drift time measurement

P measurement

ionised
electrons drifting

cathode
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it tube detectors

» Gas-filled tubes with a central wire cathode fube

- Inoisation of gas by traversing charged
particle

- charge drift to wire through electric field (E),
In case of embedding in magnetic field also
some Lorentz force drift effects

- measurement is a drift time measurement

» Track reconstruction with
drift measurements
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- drift time converted into drift radius

- remaining left-right ambiguity that needs to be resolved
usually done in the pattern recognition when already having some idea about the track direction




Dt tube detectors

» ATLAS Transition Radiation Tracker

- used to do particle identification (PID)

- needs a dedicated detector design:

material with rapidly changing dielectric

constant

-> transition radiation creates additional
jonisation, e.g. higher signal

-> fransition radiation is strongly
dependent on Lorentz factor

anode

ATLAS Testbeam results

cathode
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Dt tube detectors

» ATLAS Transition Radiation Tracker

- used to do particle identification (PID)

cathode

- needs a dedicated detector design:

material with rapidly changing dielectric
constant
-> transition radiation creates additional

jonisation, e.g. higher signal
ionised

-> fransition radiation is strongly electrons drifting
to wire
dependent on Lorentz factor

—
NI
o
N
o
5
o
=
®)
)
e
)
5]
o
@)
T
1
-
=
©
a
1
C
e}
=
O
>
=
n
(e
o)
O
D
o
x
O
=
&)
=
©
C
©
X
O
®
|_
o
[0
)
>
Ie
N
©
N
<

charged particle

ATLAS Testbeam results




Dt tube detectors

» ATLAS Transition Radiation Tracker

- used to do particle identification (PID)

cathode

- needs a dedicated detector design:

material with rapidly changing dielectric 8\ ... ‘
constant < ’
-> transition radiation creates additional

jonisation, e.g. higher signal
ionised

-> fransition radiation is strongly electrons drifting
to wire
dependent on Lorentz factor

.....

P measurement
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charged particle

ATLAS Testbeam results




Dt tube detectors

» ATLAS Transition Radiation Tracker

- used to do particle identification (PID)

filber or 1ol

- needs a dedicated detector design: cathode

material with rapidly changing dielectric 8\ ... ‘
constant < ’
-> transition radiation creates additional

jonisation, e.g. higher signal
ionised

-> fransition radiation is strongly electrons drifting
to wire
dependent on Lorentz factor

--

P measurement
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charged particle

ATLAS Testbeam results




Dt tube detectors

» ATLAS Transition Radiation Tracker

- used to do particle identification (PID)

filber or 1ol

ransition radiation
cathode

material with rapidly changing dielectric 8 ...,

constant

-> transition radiation creates additional
jonisation, e.g. higher signal

- needs a dedicated detector design:

- Part 1 - HCPSS Aug 11-22, 2014

jonised
-> fransition radiation is strongly electrons drifting
to wire
dependent on Lorentz factor

--

measurement

C
O
-—

(@)

)

—
=

n

C

O

O

[0}
o

x

O
s

)
=>
O

C

@©
X

O

Q
=

-

]

9

)
0
N

@©
N
<

§0_22:|| |||| I I ||||||| I I ||||||| :
2 0.2 ATLAS Preliminary
o — # _|
50.18F | * Pions E -
= 016k - charged particle
10 + Muons =
0.14E |- Electrons . —
- p0=0.0264+0.0005
0.1 p1=0.0025+0.0000
0.08E p2=0.153+0.001
Tk p3= 3.299+0.005
0.06 p4=0.2703+0.0005
0.08F o e —— .
0.02c = ATLAS Testbeam results
O | | | L1111 I| 2 111 | 3 L 111 || 4 111 II 5
10 10 10 10 10

y factor



S

:

A

-

Al
EXPERIMENT
Sy %

A. Salzburgef - Track and Vertex Reconstruction - Part 1 - HCPSS Aug 11-22, 2014



EXPERIMENT
http://atlas.ch
203602

@ATLAS
Event: 82614360
Dote: 2012-05-18
Time: 20:28:11 CEST




Time projection chamber (1PC)

» TPCs allow to build huge tracking devices to relative moderate cost

- precise track reconstruction

E

- > a gas filled vessel (ionisable)
/\ /‘\ electric field for the charge drift
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Time projection chamber (1PC)

» TPCs allow to build huge tracking devices to relative moderate cost

- precise track reconstruction

E

a gas filled vessel (ionisable)

electric field for the charge drift

segmented readout chambers
(different technologies possible)
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Time projection chamber (1PC)

» TPCs allow to build huge tracking devices to relative moderate cost

- precise track reconstruction

f

E
5 . > a gas filled vessel (ionisable)
electric field for the charge drift
segmented readout chambers
/ y / (different technologies possible)
( / I | track ionises the gas
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Time projection chamber (1PC)

» TPCs allow to build huge tracking devices to relative moderate cost

- precise track reconstruction

a gas filled vessel (ionisable)

electric field for the charge drift

segmented readout chambers
/ (different technologies possible)

track ionises the gas

¥ I Y I charge drift to the readout chambers
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Time projection chamber (1PC)

» TPCs allow to build huge tracking devices to relative moderate cost

- precise track reconstruction

a gas filled vessel (ionisable)

electric field for the charge drift

segmented readout chambers
/ (different technologies possible)

track ionises the gas

¥ I charge drift to the readout chambers
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Time projection chamber (1PC)

» TPCs allow to build huge tracking devices to relative moderate cost

- precise track reconstruction

a gas filled vessel (ionisable)

electric field for the charge drift

segmented readout chambers
/ (different technologies possible)

track ionises the gas

¥ I charge drift to the readout chambers
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measurements:
(x,y) from readout segmentation
(2) from drift time
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Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693




)
J
)
3
.
3
3
J

B ™ A

F 00040444000 44000040




nemy No. T material

» Unfortunately there a difference between how we'd like an ideal detector
to be and the reality
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» Let's face it: the reality Is always more messy ...

» General am in the construction of tracking detectors:

- build them as light as possible
material interactions disturb the measurement in the tracker itself
tracker is usually before the calorimeter (material disturos the calorimeter measurement)




nemy No. T material

» Unfortunately there a difference between how we'd like an ideal detector
to be and the reality
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» Let's face it: the reality Is always more messy ...

» General am in the construction of tracking detectors:

- build them as light as possible
material interactions disturb the measurement in the tracker itself
tracker is usually before the calorimeter (material disturbs the calorimeter measurement)




\ultiple (Coulomb) scatterng

» A charged particle undergoes random deflection
- mainly caused by multiple (Coulomb) scattering off the core of atoms
- additional component from single large (Rutherford) scattering
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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VO Toy: multiple scattering
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




MO Toy: multiple scattering
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




MO Toy: multiple scattering

- HCPSS Aug 11-22, 2014

toy detector with material deflection
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




NVC Toy: multiole scattering

- HCPSS Aug 11-22, 2014

toy detector with material deflection
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )
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NVC Toy: multiole scattering
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




NVC Toy: multiole scattering

10

toy detector with material deflection

- Part 1 - HCPSS Aug 11-22, 2014

S gaussian distribution,

predicted by central limit theorem
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 1000 )




N the presence of multiple coulomb scattering and single large Rutherford scattering

toy detector with material deflection

10

‘\\\\\\\\ gaussian distribution,

predicted by central limit theorem
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salzburg$ ipython -i ——matplotlib=osx MultipleScattering.py
In [1]: fig, plots = buildPixels()

In [2]: shoot(fig, plots, 5000, sfraction = 0.01 )
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=
Nergy 10ss ;
g_
» charged particle loses energy when traversing material S
%)
%)
: . . a
- - — @)
lonisation loss : Bethe-Bloch o oZme [ BB, BR ]
(dE/df)ion_o‘ TateTuge | T 2(2) g+ E? =
&
N, = | 6.023-10%*, Avogadro’s number
Z, A atomic number and weight of the traversed medium
m, Me rest masses of the particle and the electron
B = | p/E, where p is the particle momentum
v = | E/m

_ L Ae 3.8616 - 107! cm is the Compton wavelength of the electron
A primary |o_n|sat|on + 1(Z) the mean ionisation potential of the medium,
secondary ionisation E/ the maximum energy transferable to the electrons of the medium with
2
~ 3 x primary ionisation E' =2m, P
P y m2 + m2 + 2me+/p? + m?
) density correction.

- bremsstrahlung: Bethe-Heitler
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Nergy 10ss

» A charged particle loses energy when traversing material
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- ionisation loss: Bethe-Heitler | andau distribution with most probable value,
g | : mean value and Landau tall
Bethe-Bloch formula /7 smmemsmessmesaa=
%
%1"0 3 For Tracking detectors with rather little material: <
S . =
% AE << E In 5
' 1%
- S
101 oty - 4 Geant4d —e— W (with Landau fit) o
- Minimum R?a?f:étse 10" = o - —= g G>Z<
lonization  reach 1% - . @
1 | | '—'—'—.—; V\Iithout denlsity effects| 102 é— \\\\\.\__.__._ é
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- bremsstrahlung: Bethe-Bloch : e, T
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10 Z = Efinal/Eniital 10 102
-A [MeV]
c=t/In2
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Very long tail with high probability to lose significant
107 fraction of the particle energy
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Hadronic INteraction

» Hadrons can undergo nuclear interaction with the detector material

- leads usually to the destruction of the particle (as much as it concern us)

- there are many different processes that
can happen in hadron-nucleus interactions

resulting shower has hadronic, but also EM

S x

g‘% shower components
P> | | |
U - nuclear interaction length defined as the

mean path length Ao by which the number of
charged particles is traversing through matter
is reduced by 1/e

» Unfortunately most our charged particles are hadrons

- this is the main source of track reconstruction inefficiency
(if you wrote you algorithms correctly)
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SUMMARY

summary - particle interaction with matter
 Type | partiles | fund.parameter | _characteristios | ___effect____

Multiple Scatterin
P J almost gaussian  deflects particles,

W/ all charged radiation length  average effect O iNncreases
particle X depends ~ 1/p measurement
uncertainty

lonisation loss

effective density small effect in

A. Salzburger - Track and Vertex Reconstruction - Part 1 - HCPSS Aug 11-22, 2014

increases
all charged . tracker, small
particle Az p dependence on moment.um
D uncertainty
Bremsstrahlung

W, all chqrged radiation length highly non- Introduces

particle, Y gaussian, measurement
dominant for e depends bias
Hadronic Int. |

% . nuclear destroys particle, an SOUrCe o

> sl herclenie interaction length  rather constant U2 .
S particles A effect in p reconstruction

inefficiency

34



etector matenal

» general aim in the construction of tracking detectors:

- build them as light as possible
material interactions disturlbb the measurement in the tracker itself

- Part 1 - HCPSS Aug 11-22, 2014

tracker is usually before the calorimeter (material disturbs the calorimeter measurement) 5
- two fundamental measures: radiation length Xo and nuclear interaction length Ao Z
i
CMS simulation CMS simulation 2
xo -IIIIIIIYIITIII'IIIYIITIIIUTIIIIITUIIITI- (<— :I"lll"II""I'I'II""]"'IIII']I"I': g
= 2.5 _—D Support Tube [ TOB B Pixel - = 07 :_[:] Support Tube [JJJj TOB B Pixel = g
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NC Toy: detector matera

toy detector material budget layer material budget total

10 2.0
1000}
0.8} 1
800 15}
0.6
600 |
1.0}
asol 0.4}
0.5
200 0.2
0 : ' 0.0 : : 0.0L— : : : : -
-3000 -2000 -1000 O 1000 2000 3000 0.0 0.2 0.4 0.6 0.8 1.0 -3 =2 -1 0 1 2 3

-
i
)
«
i
\
L
=
o
o)
<
%
%
o
O
T
1
-
=
T
o
1
C
9
©
D
=
n
C
O
O
D
o
x
o
=
o
=
©
C
S
X
O
@
|_
-
O
)
>
0
N
T
9p
<

salzburg$ ipython —-i ——matplotlib=o0sx DetectorMaterial.py
In [1]: fig, plots = buildFrame()

In [2]: buildDetector(fig, plots)




NC Toy: detector matera

toy detector material budget layer
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salzburg$ ipython —-i ——matplotlib=o0sx DetectorMaterial.py
In [1]: fig, plots = buildFrame()

In [2]: buildDetector(fig, plots)
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NC Toy: detector matera

toy detector material budget layer material budget total
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salzburg$ ipython —-i ——matplotlib=o0sx DetectorMaterial.py
In [1]: fig, plots = buildFrame()

In [2]: buildDetector(fig, plots)




MO Toy: detector material

toy detector material budget layer material budget total
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salzburg$ ipython —-i ——matplotlib=o0sx DetectorMaterial.py
In [1]: fig, plots = buildFrame()

In [2]: buildDetector(fig, plots)




MO Toy: detector material

toy detector material budget layer material budget total
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salzburg$ ipython —-i ——matplotlib=o0sx DetectorMaterial.py
In [1]: fig, plots = buildFrame()

In [2]: buildDetector(fig, plots)




MO Toy: detector material

toy detector material budget layer material budget total
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salzburg$ ipython —-i ——matplotlib=o0sx DetectorMaterial.py
In [1]: fig, plots = buildFrame()

In [2]: buildDetector(fig, plots)




he magnetic field

» A magnetic field is essential to bend the charged particles in order to
measure their momenta

- In a perfect homogenous field : circle in transverse direction

- yields a helical track in a solenoidal field
keep transverse & longitudinal components independent
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he magnetic field

» A magnetic field is essential to bend the charged particles in order to
measure their momenta

- In a perfect homogenous field : circle in transverse direction

- yields a helical track in a solenoidal field
keep transverse & longitudinal components independent
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Realistic magnetic fields: CMS & ATLAS

these are not homogeneous magnetic fields !

Z(m)

QATLAS
EXPERIMENT p¥
http://atlas.ch |
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[rack propagation

» problems to solve

- transport of track parameters through the magnetic field

d’r q [dr
v B
ds?> p [ds . (r)]

- application of material effects according to the detector material

/

d’r q [dr dr
[d_ X B(I‘)] -+ g(p, I')d— deterministic energy loss
S 5| treatment

ds?2  p
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solve this for any B(r)

we need a numerical integration method !




Numerical Integration

» Re-formulate the equation of motion as a movement along z

d’r q [dr
ds?2 p

— X B(r)]

» Integrate to solve for x(z) and y(z) :
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» Numerical integration methods:

- Euler’s method
- Midpoint method

- Runge-Kutta integration




[rack propagation

» Many components of the track reconstruction need the expression of the
track at different places (i.e. surfaces) in the detector

ly
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[rack propagation

» Many components of the track reconstruction need the expression of the
track at different places (i.e. surfaces) in the detector

ly
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[rack propagation

» Many components of the track reconstruction need the expression of the
track at different places (i.e. surfaces) in the detector

ly
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[rack propagation

» Many components of the track reconstruction need the expression of the
track at different places (i.e. surfaces) in the detector
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SUMMARY

—ecap for today

A. Salzburger - Track and Vertex Reconstruction - Part 1 - HCPSS Aug 11-22, 2014
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SUMMARY

—ecap for today

A. Salzburger - Track and Vertex Reconstruction - Part 1 - HCPSS Aug 11-22, 2014
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oummary - lracking detectors

SUMMARY

ALICE
R inner 3.9cm 5.0 cm 4.4 cm
R outer 3.7m 1.1 m 1.1 m
Length om 54 m 5.8 m
In| range 0.9 2.5 2.5
B field 05T 2T 4T
Total X, near n=0 0.08 (ITS) 0.3 04
+ 0.035 (TPC)
+ 0.234 (TRD)
Power 6 KW (ITS) 70 kW 60 kW
r¢ resolution near outer ~ 800 um TPC 130 um per 35 um per
radius ~ 500 um TRD TRT straw strip layer
pr resolution at 1GeV 0.7% 1.3% 0.7%
and at 100 GeV 3% (in pp) 3.8% 1.5%
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Numerical integration in a nutsnell  ay/ox = fix,v)

» Euler method with start values xu, yx

- what is the function value at Yn+1 at Xn+1 = Xn T h ?

A. Salzburger - Track and Vertex Reconstruction - Part 1 - HCPSS Aug 11-22, 2014

Accuracy: 1st order

44



Numerical integration in a nutsnell  ay/ex = fix,y)

» Midpoint method with start values X, yn

- what is the function value at Yn+1 at Xn+1 = Xn T h ?

kl — hf(xnayn)
ko = hf (wn + %h,yn -+ %kl)

Ynt1 = Yn + k2 + O(R?)

X

A. Salzburger - Track and Vertex Reconstruction - Part 1 - HCPSS Aug 11-22, 2014

P »
Xn Xn+1
- onthe step to Xu+1 = Xun + A you stop at the midpoint and take this

derivate for the evaluation of your final value from the full step

Accuracy: 2nd order
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Numerical Integration in a nutsnell

» Runge-Kutta method S
with start values

Fourth-order Runge-Kutta method. In each step the derivative is evaluated four times:
once at the initial point, twice at trial midpoints, and once at a trial endpoint.
From these derivatives the final function value (shown as a filled dot) is calculated.

ki =hf(zn,yn)

h k
k2=hf($n+§,yn+?l
h ko
ks = hf(@n+ 5 Yn + 2
3 f(z +2y+2

ks = hf(zn+ h,yn + k3)

_ ki | k2 | ks | k4 5
yn+l—yn+6+3+3+6+0(h)

image from: Numerical Recipes in C++
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Some food for thoughts

1
e 2N Z@i

=LNcharge collected in cell

p=(m-s)/c

» How can a non-binary readout work 7
» How would you “measure” the Lorentz angle

» Why were If off with our pull distribution

» Think of a great positive feature of
such double sided modules

<
~
o
e\
o
5
L
=
@)
-,
I
N
N
¥
@)
T
1
-
-
©
o
1
C
i)
=
O
-’
=
n
(e
o
O
o)
o
x
)
s
()
=
©
c
©
x
O
©
|_
o
)
)
S
o)
N
©
N
<

2 0.22pm T
2 02F ATLAS Preliminary =
20.18F | * Pions - =
: 0.16 + Muons E
0-14;_ = Electrons =
0.12 :_ Xz/ndf=86/17
- F p0=0.026420.0005
0.1 p1=0.0025:0.0000
0.08F p2=0.15320.001
= = 3.299+0.
» C do PID with the silicon detector/TPC ? & e
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